Abstract We aim to investigate whether overweight/obese pregnant women have elevated plasma levels of adenosine associated with increased consumption of high-calorie food. Sixty women were included. They were divided into lean (n = 23 and n = 12) or overweight/obese (n = 7 and n = 18) non-pregnant and pregnant women, respectively. Clinical records and maternal blood samples were collected after informed consent. A self-reported dietary questionnaire was also completed. Plasma adenosine levels were determined with high-performance liquid chromatography. Biochemical parameters, including glucose, total protein, and lipid profile, were determined using standard colorimetric assays. Adenosine levels were higher in pregnant women than in non-pregnant women (18.7 ± 1.6 vs 10.8 ± 1.3 nM/μg protein, respectively, p < 0.0001). Overweight/obese pregnant women (21.9 ± 2.5 nM/μg protein) exhibited higher adenosine levels than lean pregnant (14.5 ± 1.0 nM/μg protein, p = 0.04) or non-pregnant women (11.7 ± 1.5 nM/μg protein, p = 0.0005). Also, pregnant women with elevated weight gain exhibited higher (26.2 ± 3.7 nM/μg protein) adenosine levels than those with adequate weight gain (14.9 ± 1.4 nM/μg protein, p = 0.03). These differences were not statistically significant compared with those of pregnant women with reduced weight gain (17.4 ± 2.1 nM/μg protein, p = 0.053). Body mass index and adenosine only in pregnant women were positively correlated (r = 0.39, p = 0.02). While, polyunsaturated fatty acid (PUFA) consumption was negatively correlated with plasma adenosine levels only in non-pregnant women (r = −0.33, p = 0.03). Pregnancy is associated with high plasma adenosine levels, which are further elevated in pregnant women who are overweight/obese. High PUFA intake might reduce plasma adenosine levels in non-pregnant women. 
Introduction
Pregnancy is one of the most nutritionally vulnerable stages in a woman's life [1] that in some cases may result in the consumption of excess nutrients, leading to elevated weight gain and obesity. The causes of the increasing prevalence of obesity during pregnancy are commonly described as multifactorial, with one of the main factors being food intake [2] . A rapid shift to the increased consumption of high-calorie foods, caloric beverages, animal-based foods, and caloric sweeteners is associated with obesity [3, 4] . Nutrient ingestion during pregnancy has been extensively studied [5, 6] , and the Institute of Medicine (IOM) has established clinical guidelines for healthy ranges of weight gain in pregnancy [7] , concluding in general that the higher the body mass index (BMI), the lower the weight gain. Adenosine is a nucleotide derived from the breakdown of adenosine tri-phosphate (ATP), adenosine di-phosphate (ADP), adenosine monophosphate (AMP), and S-adenosinehomocysteine that has pleiotropic functions, including the regulation of nutrient ingestion [8] [9] [10] . For instance, Levine and Morley [8] described that direct injection of adenosine into the cerebral cavity leads to the suppression of food intake in rats. Other studies have also determined that adenosine stimulates the consumption of high-calorie foods in rats [10] and mice [11] . Despite these findings, the potential relationship between nutrient intake and adenosine levels in humans is unknown.
Extracellular levels of adenosine increase throughout normal pregnancy until term [12, 13] . However, causes and consequences of elevated levels of adenosine in normal pregnancy are unclear, but it has been related with immunological and cardiovascular adaptation. In addition, further elevation of adenosine extracellular levels has been reported in pathological pregnancies, including those with pre-eclampsia [14] or diabetes [15] . Nevertheless, Iriyama et al. [16] described a mice model of increased placental adenosine levels, which results in a pre-eclampsia-like syndrome, suggesting that high extracellular adenosine levels may instead have detrimental effect on normal pregnancy development. Since obesity is a well-described risk factor for pregnancy pathologies such as diabetes or pre-eclampsia, it is intriguing to ask whether adenosine plasma levels are elevated in women with overweight or obesity. In this regard, no reports concerning plasma adenosine levels in overweight/obese pregnant women have been published. But, high concentrations of this molecule were found in the homogenates of adipose tissue obtained from obese adults [17] or in plasma from obese children [18] .
Therefore, we hypothesized that overweight/obese pregnant women in their third trimester would have an elevated plasma level of adenosine associated with the increased consumption of a high-calorie diet. To test this hypothesis, we quantified plasma adenosine in lean and overweight/obese non-pregnant and pregnant women. Additionally, we determined whether pregnant women who exhibited elevated weight gain also exhibited high levels of adenosine compared to those with adequate weight gain during pregnancy. Finally, we analyzed whether the anthropometric and biochemical parameters investigated in this study were correlated with plasma adenosine levels.
Methods Patients
This cross-sectional study was approved by the Ethical Committee from the Universidad del Bío-Bío (Fondecyt 1140586, October 8th, 2013) in accordance with protocols defined by the Declaration of Helsinki Ethics Committee. Women were recruited in this study after signing an informed written consent.
Pregnant women who visited the Department of Obstetrics and Gynecology of the Herminda Martin Clinical Hospital, Chillan, Chile for their delivery were included in this study. Exclusion criteria were chronic hypertension, altered renal function, diabetes, chronic disease, twin pregnancies, recurrent miscarriages, and placental abruption. The gestational age was defined as the period of time from the first day of the mother's last menstrual period and the delivery date; this age was confirmed with a first trimester ultrasound. Body mass index (BMI = kg/m 2 ) was determined as described elsewhere [18] . Women were classified as lean (18.5-24.9 kg/m 2 ) and overweight/obese (>25 kg/m 2 ) based on BMI. Pre-gestational weight was obtained from the clinical chart. In addition, weight gain during pregnancy was classified as reduced, adequate, or elevated based on the ranges recommended by the IOM [5] .
Non-pregnant women were matched to pregnant women based on their demographic characteristics, including age, marital status, multiparity, location, and BMI. The exclusion criteria for this group included a previous diagnosis of hypertension, diabetes, or chronic disease. Additionally, neither the pregnant nor the non-pregnant women had consumed any drugs, including anti-inflammatory drugs or antibiotics, in the 2 weeks prior to the study.
Clinical and nutritional interview
Participating pregnant women in their third trimester were invited to a clinical appointment with a general physician to record past medical history and undergo a physical examination. Systolic and diastolic blood pressures were recorded after 10 min of supine rest.
A nutritionist further interviewed all participants to obtain information regarding food consumption using a multiplepass method [19] . Briefly, dietary intake was assessed with a four-step personal interview that included multiple passes through the 24 h of the previous day, during which respondents received cues to help them remember and describe the foods they consumed [19] .
Data from the 24-h recalls were used to estimate nutrient and food group intake using the table of chemical composition of Chilean food [20] . Thus, nutrient intake was estimated from the participants' daily energy intake data (i.e., fat, carbohydrate, protein, SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, and PUFA = polyunsaturated fatty acids). In addition, the estimated consumption of sodium, potassium, calcium, and vitamin C was recorded from food components. The use of a prenatal supplement and medication intake during the recall period was also recorded for pregnant women. Because prenatal supplement use was not the primary objective of the present study, prenatal supplement use was excluded from the current analysis.
Sample collection
After an overnight fasting period, blood samples were taken from a vein in the antecubital fossa and divided into two tubes, with or without heparin. For adenosine analysis, heparinized plasma was mixed with stop solution containing 20 mM dipyridamole and 5 mM sodium ethylenediaminetetraacetic acid (EDTA) (Sigma Aldrich, St Louis, MO, USA) in normal saline (0.9% NaCl) as previously published [21, 22] . In some samples, the adenosine deaminase (ADA, enzyme that converts adenosine to inosine) inhibitor erythro-9-(2-hydroxyl-3-nonyl) adenine hydrochloride (EHNA, 120 mM) was included to estimate the relative contribution of ADA to plasma adenosine levels. In addition, serum and plasma samples were centrifuged at 600 ×g for 10 min, and the supernatant was immediately frozen using liquid nitrogen. Then, samples were stored at −80°C until analysis.
Total cholesterol, LDL cholesterol, HDL cholesterol, triglyceride, and glucose levels were measured in serum samples according to the instructions provided by the manufacturer (DiaSys Diagnostic Systems, Holzheim, Germany).
HPLC for adenosine quantification
Plasma adenosine levels were measured using a highperformance liquid chromatography (HPLC) system as described previously by our group [14, 23] . Briefly, 200 μl aliquots of plasma were collected and deproteinated with 20 μl of 50% trichloroacetic acid. Samples were centrifuged (7800 g × 5 min), and 150 μl of clear supernatant was neutralized with 20 μl of 3.3 N potassium hydroxide. Under standard assay conditions, 100 μl of sample or internal standard (adenosine) was mixed with 50% aqueous chloric acetaldehyde as described previously [14, 23] . Samples were incubated (80°C, 45 min and 4°C, 5 min) and centrifuged (15,000 g × 4 min). Aliquots (20 μl) were injected into an Agilent 1200 Series HPLC system (Chromolith® reversephase column, 100 × 4.6 mm C18, 2 μm particle size, Merck Millipore). The mobile phase consisted of 0.2 M sodium phosphate buffer, pH 6.0, with 5 and 25% methanol and was run isocratically at 1 ml/min. Fluorescence was detected at an excitation wavelength of 233 nm and an emission wavelength of 415 nm using a fluorescence detector (FLD G1321A, Agilent, CA, USA). The ratio of the area under the adenosine peaks to the area under the internal standard peak was compared with a standard curve. The inter-and intraassay variations were 9.5 ± 0.3 and 4.4 ± 0.1%, respectively. Additionally, values were standardized by total protein, which was determined with a Bradford colorimetric assay (Thermo Scientific, MA, USA).
Statistical analysis
Statistical analyses were performed using GraphPad Prism (GraphPad, San Diego, CA, USA). Values are expressed as the mean ± S.E.M. Weight gain was calculated as the arithmetic difference between weight in the third trimester and prepregnancy weight. Quantitative variables were analyzed using Kruskal-Wallis non-parametric analysis (ANOVA) followed by the Mann-Whitney U test. In addition, correlations between all quantitative variables were determined using a Spearman test with a confidence interval of 95%. Statistical significance was set at 0.05.
Results
A total of 60 women were included in this study, 30 of whom were not pregnant (i.e., chosen as controls) and 30 of whom had normal pregnancies. The sub-classification based on BMI, as well as the respective clinical characteristics of the patients, is shown in Table 1 . As expected, BMI was significantly different among the groups studied. BMI in the third trimester (range 32 to 40 weeks of gestation) was significantly higher in the overweight/obese group than in lean pregnant women (p < 0.0001).
Regarding lipid profile, lean and obese pregnant women exhibited significantly higher levels of total cholesterol, LDL cholesterol, and triglycerides compared to lean nonpregnant women (see Table 1 ). Among these differences, triglyceride levels were higher in overweight pregnant women than in lean pregnant women. Higher total cholesterol and LDL cholesterol levels were found in overweight/obese nonpregnant women compared to lean non-pregnant women. Non-significant differences in glycemia or total circulating protein levels were observed among the studied groups.
With the exception of self-estimated saturated fatty acid intake, self-reported nutrient consumption (see Table 2 ) was similar among the studied groups. Thus, paradoxically, overweight/obese women, both pregnant and non-pregnant, reported significantly lower consumption than lean women.
Plasma adenosine levels were 1.8-fold higher in pregnant women compared to non-pregnant women (18.7 ± 1.6 vs (Fig. 1a) . Accordingly, the difference between plasma adenosine levels with or without the ADA inhibitor (i.e., relative estimation of ADA activity) was reduced (43%) in pregnant women compared to non-pregnant women (Fig. 1b ), but this difference was not statistically significant (p = 0.1). Post-hoc analysis considering BMI showed that overweight/obese pregnant women (21.9 ± 2.5 nM/μg protein) exhibited higher adenosine levels than lean pregnant (14.5 ± 1.0 nM/μg protein, p = 0.04) or non-pregnant women (11.7 ± 1.5 nM/μg protein, p = 0.0005). No differences in pregnant and non-pregnant women with overweight/obesity were observed (Fig. 2a) .
Clinical characteristics such as gestational age and systolic and diastolic blood pressures were not statistically different among the pregnant women with adequate, reduced, or elevated weight gain (Table 3) . Pregnant women with elevated weight gain exhibited significantly higher (1.7-fold, 26.2 ± 3.7 nM/μg protein) adenosine levels than those with adequate weight gain during pregnancy (14.9 ± 1.4 nM/μg protein, p = 0.03). Meanwhile, there were no differences with pregnant women with reduced weight gain (17.4 ± 2.1 nM/μg protein, p = 0.053) (Fig. 2b) .
Pregnant women with reduced and elevated weight gain self-reported reduced lipid intake compared to those women with adequate weight gain (ANOVA, (a) HPLC was used to measure adenosine levels in plasma samples from lean non-pregnant (control, Ctl, n = 23), overweight/obese non-pregnant (OW, n = 7), lean pregnant (NP, n = 12), and overweight/obese pregnant women in their third trimester (OW-P, n = 18). (b) Plasma adenosine levels considering reduced (n = 11), adequate (n = 11), or elevated (n = 8) weight gain in pregnant women in their third trimester. Each point represents an individual woman. Values are expressed as the mean ± S.E.M. p value is provided for each comparison differences were observed in the self-reported food intake in these groups of pregnant women. Regarding lipid levels, only those women with reduced weight gain exhibited low triglycerides compared to women with adequate weight gain (Table 3) . Nevertheless, the relative estimation of ADA activity and the other biochemical parameters analyzed were similar in the three groups of pregnant women.
Correlative analysis showed a significant association between BMI at third trimester and plasma adenosine levels in pregnant women (r = 0.39, 95% IC 0.03 to 0.67, p = 0.02) but not in non-pregnant women (r = −0.11, 95% IC −0.45 to 0.25, p = NS) (Fig. 3a) .
On the other hand, estimated PUFA intake was negatively correlated with plasma adenosine levels only in non-pregnant women (r = −0.33, 95% IC −0.61 to 0.03, p = 0.03) (Fig. 3b) . No other significant correlations were observed with carbohydrate consumption (Fig. 3c) or the other clinical and nutritional and laboratory variables recorded in this study (Table 4) .
Discussion
This study confirms the elevation of plasma adenosine levels in pregnant women, with these levels being even higher in overweight/obese pregnant women. Interestingly, pregnant women who exhibited elevated weight gain also exhibited high levels of adenosine compared to those with adequate weight gain during pregnancy. In addition, among the anthropometric and biochemical variables investigated in this study, only BMI was positively correlated with plasma adenosine levels in pregnant women. Elevated levels of adenosine in overweight/obese pregnant women may play a major role in 
(n = 2) -
ANOVA analysis of the anthropometric, clinical evaluation, and nutritional and biochemical parameters in the studied pregnant women considering weight gain during gestation. Reduced and elevated groups include pregnant women with reduced or elevated weight gain, respectively [5] . Values are expressed as the mean ± S.E.M. BMI body mass index, BMI 1 body mass index in the third trimester of pregnancy, BMI 2 non-pregnancy body mass index, SBP and DBP systolic and diastolic blood pressure, respectively *p < 0.05 vs adequate weight gain † p < 0.05 vs reduced weight gain overall physiological adaptation during pregnancy, including cardiovascular, neurological, and immunological adaptations.
Adenosine in pregnancy
Compared with non-pregnant women, normal pregnant women exhibit increased synthesis but reduced catabolism of adenosine [13, 24] . Yoneyama and colleagues [12, 13] showed that normal pregnant women in their third trimester had higher plasma adenosine concentrations (~0.5 μM) than non-pregnant women (~0.2 μM); this finding was also confirmed in the current study. However, the levels reported by Yoneyama's group are higher than thosereportedinthismanuscriptbyatleastoneorderofmagnitude. These differences can be attributed to the units used for expressing circulating adenosine levels. Because increased levels of adenosine in pregnancy may constitute only a matter of volume (blood volume increases by approximately 1.5 l in normal gestation), we decided to standardize adenosine concentration to protein level. The causes and consequences of elevated plasma adenosine levels in normal pregnancy are not well understood. However, some reports have linked high plasma adenosine levels to platelet activation during normal pregnancy [12, 13] . Thus, platelet activation may release ATP, one of the main substrates for adenosine synthesis. Nevertheless, adenosine has a powerful antiaggregation effect on platelets [25] . Thus, the elevation of adenosine levels may indicate a regulatory loop for controlling the overstimulation of platelet aggregation observed during normal pregnancy. Because plasma adenosine levels increase throughout gestation, it is thought that adenosine might also be related to placental growth and vascular function [26, 27] . However, it is unclear whether maternal adenosine has any role in the regulation of placental circulation. Indirect evidence has indicated a negative correlation between maternal plasma adenosine levels and uterine artery pulsatility index (PI), suggesting that adenosine might lead to reduced vessel resistance in the maternal side of the placenta [28] . More recently, Iriyama and colleagues [16] found that elevated placental adenosine levels in mice were linked with abnormal placental vessel formation, maternal hypertension and proteinuria, as well as elevation of the circulating levels of antiangiogenic proteins, all of which are hallmarks of human preeclampsia. Unfortunately, this last study did not measure plasma adenosine levels in the maternal circulation. However, it has been suggested that the supraphysiological elevation of plasma adenosine levels may have deleterious effects on both the vascular system and maternal and feto-placental circulation [16] .
Other reports have suggested that high plasma adenosine levels in the maternal circulation might be an immunological adaptation, in particular in women with pre-eclampsia [29] ; however, there is no evidence regarding how adenosine might control this phenomenon in normal pregnancies.
Elevated plasma adenosine levels in pregnancy have been linked to reduced total ADA activity [12] . Despite some discrepant results [30] , this reduction in ADA activity seems to depend mainly on the soluble isoform of ADA (ADA2) rather than membrane-linked ADA (ADA1) [31] . Additionally, total ADA activity is high during the first and second trimesters but not during the third trimester [24, 32] . Our results are in agreement with this last analysis, as a trend toward reduced ADA activity was only observed in pregnant women in their third trimester compared to control women.
Adenosine in obesity
As far as we know, this study is the first to describe high plasma adenosinelevels inoverweight/obesewithnormal pregnancyduring their third trimester of gestation. These results agree with previous reports in obese adults showing high adenosine levels in adipose tissue homogenates [17] . We also found high plasma adenosine levels in obese children [18] . Because adipocytes [17, 33] and the placenta [34] have all the metabolic machinery necessary for synthesizing adenosine, it is not surprising that overweight/obese pregnant women exhibit high adenosine levels.
The biological significance of high adenosine levels in overweight/obese pregnant women is unknown. In this regard, despite the fact that we could not find significant correlations between lipid and glucose levels in any of the studied groups, a potential role for adenosine in metabolic adaptations during pregnancy cannot be ruled out. More studies are required.
Adenosine might also reach other tissues such as the lungs, kidneys,andthe brain.In thislastregard, anintriguingideapartially addressed in this manuscript is the association between plasma adenosine levels and nutrient intake. In this regard, Levine and Morley [8] describedthattheintraperitonealorintracerebroventricular administration of adenosine selectively suppressed food and water intake compared to sham-injected animals. It has also been noted that adenosine, via activation of the adenosine A 2A receptor, reduces the intake of high-palatability foods in female rats [9] but may increase the intake of high-fat foods in male rats [10] .
The results in the current study showed a significant negative correlation between self-reported PUFA consumption and plasma adenosine levels in non-pregnant women. Explanation for this relationship is unclear. But, an early report from Ammouche and colleagues [35] showed that the specific activity of nucleoside triphosphatase (NTP-ase, enzyme involved in degradation of ATP to ADP) was positively correlated with dietary PUFA n−6 but negatively correlated with dietary PUFA n−3 in rats. Despite we did not establish specific source of PUFA, it is feasible that PUFA consumption might regulate enzymes involved in the synthesis of adenosine. Further studies are needed to elucidate the relationship between adenosine plasma levels and PUFA consumption.
In conclusion, normal pregnancy is associated with high plasma adenosine levels, which are further elevated in pregnant women who are overweight/obese. Thus, our results suggest that increased weight gain during pregnancy results in higher plasma adenosine levels. There seems to be a relationship between high polyunsaturated fatty acid intake and plasma adenosine levels in non-pregnant women. These findings represent the first evidence presented in medical literature, and more direct studies are required to gain a better understanding of the physiological implications of these findings.
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